Purpose. To evaluate retinal sheet transplants in S334ter-line-3 retinal degenerate rats by comparing visual responses recorded electrophysiologically with morphology based on light and electron microscopy.
Introduction
Retinal degeneration is a leading cause of blindness in the western world. Major diseases causing retinal degeneration are age-related macular degeneration (AMD) and retinitis pigmentosa (RP). Currently, different approaches are used to rescue or restore vision in humans. One major treatment strategy is cell replacement therapy which consists of subretinal delivery of cell suspensions (Algvere, et al., 1997; Juliusson, et al., 1993; Li and Turner, 1991) , cell microaggregates (Aramant, et al., 1990; Del Cerro, et al., 1991; Gouras, et al., 1994; Kwan, et al., 1999; Seiler and Aramant, 1995) , and photoreceptor sheets (Berger, et al., 2003; Kaplan, et al., 1997; Silverman, et al., 1992) into the diseased eye. Intact sheets of fetal or neonatal retina have also been transplanted into degenerated eyes with the aim of restoring visual function (Ghosh, et al., 2004; Sagdullaev, et al., 2003; Seiler and Aramant, 1998; . Other treatment strategies include gene therapy (Ali, 2004; Dejneka, et al., 2003; Delyfer, et al., 2004 ) visual prosthetics (Loewenstein, et al., 2004; Margalit, et al., 2002; Rizzo, et al., 2001; Weiland, et al., 2005) and pharmacotherapies (Caffe, et al., 2001; Chong and Bird, 1999) . Based on various functional tests performed in animal models, visual restoration has been reported following retinal sheet transplantation (Sagdullaev, et al., 2003; Sauvé, et al., 2001; Silverman, et al., 1992; Thomas, et al., 2006; Thomas, et al., 2004) . Initial encouraging results obtained from animal experiments persuaded the scientists to perform retinal transplantation surgeries in human patients (Algvere, et al., 1999; Das, et al., 1999; Kaplan, et al., 1997; Radtke, et al., 2004; Radtke, et al., 2002) and some studies yielded promising results (Radtke, et al., 2004) .
Our group has been focused on transplanting sheets of fetal retina into the subretinal space using a special device that allows gentle placement of the fragile donor tissue as a flat sheet with the proper orientation/polarity. These sheets were shown to developed a normal lamination pattern in a variety of rat models of retinal degeneration Seiler and Aramant, 1998; Seiler, et al., 1999) and restored visual responses in the superior colliculus (SC) (Arai, et al., 2004; Sagdullaev, et al., 2003; Thomas, et al., 2006; Thomas, et al., 2004; Woch, et al., 2001) . The mechanism of this visual restoration has not been well-established and a detailed ultrastructural evaluation of the extent of integration between the host and transplanted sheet has not been performed.
In the present investigation, the structural and functional characteristics of embryonic sheet transplants in S334ter-line-3 retinal degenerate rats were studied by light and electron microscopy (EM) combined with electrophysiological evaluation of the visual responses from the superior colliculus (SC) of the brain.
Material and Methods

Animals
In this study, all animals were treated according to the NIH guide for the care and use of laboratory animals, the ARVO statement for the use of animals in Ophthalmic and Vision Research, and according to an approved protocol by the Doheny Eye Institute, University of Southern California IACUC.
S334ter-line-3 were produced by Xenogen Biosciences (formerly Chrysalis DNX Transgenic Sciences, Princeton, NJ), and developed and supplied with the support of the National Eye Institute by Dr. Matthew LaVail, University of California San Francisco.
The F1 generation of a cross between homozygous line-3 and pigmented Copenhagen rats (Harlan, Indianapolis, IN) was used for the experiments. These rats with a mutated rhodopsin gene have an early retinal degeneration and develop no outer segments; only one to two rows of photoreceptors remain at postnatal day 28-30. Donor cells for this study were derived from transgenic rats expressing human alkaline phosphatase (hPAP) in the cytoplasm of all cells (Kisseberth, et al., 1999; Mujtaba, et al., 2002 ) that were bred with ACI rats (Harlan, Indianapolis, IN) to produce a pigmented strain.
Transplantation
Details of the transplantation surgery used in this study are described previously (Aramant and Seiler, 2002a; Seiler and Aramant, 1998) . Briefly, donor retinal tissues were obtained from pigmented hPAP rat fetuses at E19 by caesarean section. The fetal retina was carefully dissected free from the surrounding tissues. A small piece with average size 0.5x 1.2mm 2 was prepared for transplantation. S334ter-3 rats were anesthetized by intraperitoneal injection of a mixture of ketamine 37.5mg kg A custom-made implantation tool (US patent #6 159 218), loaded with a retinal sheet, was carefully placed into the subretinal space in the superior nasal quadrant of the host retina, and the donor tissue was released slowly and gently. The scleral incision was closed with 10-0 sutures. Immediately following the surgery, the fundus of the rat was examined by a contact lens on the cornea to identify the transplant placement.
Electrophysiology
Electrophysiological assessment of visual responses in the SC was performed following the modified method described previously . Briefly, the rats were dark-adapted overnight and eyes were covered with a custom-made eye-cap that prevented bleaching of the photoreceptors during surgery to expose the surface of the SC.
The eye-cap could be easily removed at the time of visual stimulation. Animals were initially anaesthetized by intraperitoneal injection of ketamine/xylazine (37.5 mg/kg ketamine and 5mg/kg xylazine) and later by a gas inhalant anesthetic (1.0-2.0% halothane in 40% O 2 /60% N 2 O) administered via an anesthetic mask (Stoelting Company, Wood Dale, IL). Multi-unit visual responses were recorded extracellularly from the superficial laminae of the exposed SC using nail polish coated tungsten microelectrodes. At each recording location, which covers the whole extent of the SC surface, up to 16 presentations of a full-field illumination (controlled by a camera shutter) was projected on a white plexiglass screen placed 10 cm in front of the contralateral eye. The intensity of the light stimulus at the beginning of the recording was -6.46 log cd/m 2 and gradually increased (controlled by neutral density filters) until the visual threshold was measured.
An interstimulus interval of 6 seconds was used. All electrical activity was recorded using a digital data acquisition system (Powerlab; ADI Instruments, Mountain View, CA, USA) and responses (8-16 sweeps) at each SC site was averaged using Matlab software (R2006b). Blank trials, in which the illumination of the eye was blocked with an opaque filter, were also recorded.
Histology
Rats were perfusion fixed with a mixture of 4% paraformaldehyde and 0.4% glutaraldehyde in 0.1M sodium phosphate buffer solution. The eyes were enucleated and put into 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1M cacodylate buffer (PH 7.4). The anterior segment was then removed and the posterior eyecup was postfixed in the same fixative for 6 hours at room temperature. After washing the eyecups several times with 0.1M sodium cacodylate buffer, small pieces specimens containing the transplant were dissected and embedded in 4% agarose with correct orientation.
Vibratome sections were cut at 80Nm. Sections with transplants were further processed for hPAP immunohistochemistry with DAB staining (ABC method).
Immunohistochemistry
Selected vibratome sections were washed five times for 10 min in 0.1M-phosphate buffer (PB) and then were incubated for half an hour in 1% sodium borohydride (NaBH 4 ) in 0.1M PB. After washing sections five times for 10 min again, the sections were run through 10, 25, 40, 25 and 10% ethanol (7 min each) followed by three 10 min PB washes. Vibratome sections were washed with phosphate-buffered saline (PBS) and After washing 5 times (10 min ea.) with PBS, the sections were incubated overnight at 4°C in Elite ABC conjugated to horse radish peroxidase (Vector Labs, Burlingame CA).
After five 10 min. washings with PBS, the sections were stained for peroxidase activity by preincubation in diaminobenzidine tetrahydrochloride (DAB) substrate kit without H 2 O 2 (Vector Labs). After 30 mins., the incubation medium was exchanged with fresh DAB solution containing 0.01% H 2 O 2 (Eldred, et al., 1983) . The DAB reaction was stopped at 5-7 min and five 10min washing in PBS were followed in 0.05M Tris-HCl buffers. Sections were observed by light microscopy and better-stained sections were selected for electron microscopic processing. Other vibratome sections were processed for Epon embedding without immunohistochemistry.
Electron Microscopy
Sections were washed 5 times with 0.1M Cacodylate buffer (10min each), and then post-fixed for one hour in 3% glutaraldehyde in 0.1 M cacodylate buffer for 2hrs in 2% Sections were viewed and photographed on a Philips CM10 electron microscope. could be recorded only from the SC of transplanted rats. These responses were recorded from an area of the SC corresponding to the placement of the transplant in the retina.
Results
Electrophysiology
Sample traces recorded from the superior colliculus of transplanted rats are shown in Fig.   2 . The responses recorded from the transplanted rats had comparatively longer latency and lower peak response amplitude than that of normal pigmented rats.
Host Retina
The time course of photoreceptor degeneration was determined by examining the retinal morphology in S334ter-3 rats. Fig. 3 shows retinal morphology in the normal rat, E19 rat, and S334ter-3 rat at different postnatal ages. Fig. 3B shows the retinal morphology of E19 rat retina with ganglion cell layers; short inner plexiform layer (IPL) and the mostly undifferentiated neuroblastic outer retina (NBL). Figs. 3C-F demonstrate a progressive loss of outer segments over time. At postnatal day 11 (Fig. 2C ), S334ter-3 retinas contained many degenerating rod photoreceptors with pyknotic nuclei in the outer nuclear layer (ONL). At postnatal day 18 (Fig. 3D) , the ONL layers of S334ter-3 rats were obviously thinner than in normal rats with only 5-6 layers remaining. At P30 (Fig.   3E ), only one row of photoreceptors remained, ONL and OPL were completely lost, and partially-preserved INL directly faced the RPE in many areas. Rod photoreceptors are completely lost by postnatal day 45 (Fig. 3F) .
Transplants
Semithin sections were stained with H & E and Toluidine blue. Four transplants out of seven samples (57.1%) contained areas of laminated retina (about 20-30% of the transplant area) with parallel layers and fully developed photoreceptors with outer segments in contact with the host RPE (Fig. 4B) . Few disorganized cells were found in the periphery of the transplant. Three transplants out of seven samples (42.9%) consisted largely of rosettes ( Fig. 4A and C) . The center of the rosettes contained the photoreceptors' outer segments with the outer nuclear layer (ONL) and inner nuclear layer (INL) around its periphery. The developing INL of the transplant was position adjacent to the remaining INL of host and a relatively clear border between host and transplant could be seen (Figs.4A and C) . In the laminated transplants, photoreceptor inner and outer segments were observed with almost normal appearing retinal layers. The outer segments directly faced the host RPE with normally stacked discs. Well-developed outer nuclear layers of the transplants consisted of 8 to 10 rows of photoreceptor nuclei, but inner layers of transplant, in particular the inner nuclear layer, appeared to be less well developed (Fig. 4A and B) . Outer segments were also observed inside rosettes, so that photoreceptors with outer segments could be found in more than 50% of the transplant area. The inner plexiform layer of the transplant was in contact with the inner nuclear layer of the host with a distinct borderline between transplant and host (Fig. 4A) .
No inflammatory cells were observed in any of the samples.
Electron Microscopy
At day 60 post-surgery, relatively short transplant outer segments with a stacked disc configuration were observed that interdigitated with microvilli of the host RPE (Fig.   5A ). The host RPE looked normal with phagosomes containing material from transplants outer segments, melanin granules and other organelles. In the outer plexiform layers (OPL) of the transplants, many well-developed photoreceptor terminals were seen which displayed the typical triad arrangement with characteristic synaptic ribbons and numerous invaginations with bipolar cell processes ( Fig. 5B and C) . Multi-synaptic vesicles around ribbons were also observed in the transplant bipolar cells. In one specimen (Fig. 5D ), an apparent synapse at the transplant-host interface, between the inner nuclear layer of the host and the IPL of the transplant was observed. The transplant-host border was determined as being adjacent to the inner nuclear layer and the cone remnants of the host retina by zooming into the area from low to increasingly higher magnifications.
Immunohistochemistry for donor tissue (hPAP)
After hPAP immunohistochemistry with DAB staining of vibratome sections, welllaminated transplants were noticed with dark-brown staining showing the apparent border with the host retina (light-brown staining) (Fig. 6A) . Some transplant processes penetrated the border into the INL of host (Fig. 6B) . Sections for ultrastructural analysis were taken from the area of border.
Ultrastructure post-immunohistochemistry
After identifying the border between host and transplant from the hPAP stained vibratome slice, ultrathin sections were cut around these areas. Electron dense DAB staining of the transplant showed an obvious border with the host retina. A glial demarcation membrane between host and transplant, which was derived from Muller cells processes, could be noticed clearly in some areas. However, processes originating from the transplant could often be observed inside the host retina. (Fig. 6C and D) .
Discussion
Restoration of visual responses
Electrophysiological evaluation from the SC demonstrates that visual restoration occurs in S334ter-line-3 retinal degenerate rats that received fetal retinal sheet transplants.
Previous investigations from our laboratory also demonstrated visual functional improvement in three different retinal degenerate rat models following retinal transplantation (Sagdullaev, et al., 2003; Thomas, et al., 2006; Thomas, et al., 2004; Woch, et al., 2001) . Although S334ter-line-3 rats were included in a previous study, the light stimulus consisted only of bright light (1300 cd/m 2 ) which could stimulate both host and transplant cones. The restorative effect of fetal retinal sheet transplants was reported to persist up to 100-150 days of age (Sagdullaev, et al., 2003) . The present investigation attempted to correlate the functional results with the ultrastructural features of the transplant with the hope of gaining further insight into the mechanism of functional recovery.
The current investigation showed that the light sensitivity threshold in transplanted rats was in the mesopic range (-3.42 to -2.8 log cd/m 2 ). Since host rods should be absent, this observation suggests that transplant photoreceptors likely play a role in the functional restoration occurring following transplantation. Detailed morphological evaluation based on EM studies was undertaken to confirm previous reports suggesting that the extent of functional recovery can be correlated with the morphological quality of the transplants (Sagdullaev, et al., 2003; Thomas, et al., 2004; Woch, et al., 2001) .
A recent investigation performed in a mouse model suggested no correlation between functional data and the morphological features of the transplant (Arai, et al., 2004) . The discrepancies reported in the above studies indicate that the transplant effect depends on various extrinsic and intrinsic factors pertaining to the host environment. Two potential mechanisms may explain the functional recovery reported among transplanted rats. One mechanism is a direct replacement of degenerated photoreceptors with the transplanted photoreceptors establishing functional connections between the transplant and the host retina. This was suggested by preliminary histological studies by our group (Seiler and Aramant, 1998; . Another mechanism is a humoral effect through the trophic factors released from the transplanted cells, especially rod photoreceptors (Fintz, et al., 2003; Mohand-Said, et al., 2000) , which in turn may stimulate or facilitate the activity of the residual host photoreceptors.
Transplant morphology
A detailed ultrastructural evaluation of the transplanted retina was undertaken to evaluate the extent of functional integration between the transplant and the host retina.
SC recording data revealed that all transplanted rats were sensitive to very low level light stimulation and thus were good candidates to evaluate for the presence of features of integration. In this study, fetal retinal sheets were transplanted into the subretinal space using an instrument that maintains correct orientation/polarity. These results demonstrate that fetal retinal sheet transplants can develop parallel layers comparable to the normal retina with laminated areas of outer segments arranged parallel to the host RPE.
Transplants survived up to 90 days post-surgery without any immune rejection. Many areas with normal appearing morphology and synaptic processes were apparent at the border between the transplant and the host retina. Some of these morphological features were also reported from embryonic rabbit retinal transplants (Ghosh, et al., 1999a) and human retinal sheet transplants in rats (Aramant and Seiler, 2002b) , however, no functional correlation was performed.
In the well-laminated transplants, the photoreceptor outer segments directly faced the RPE of host; and the IPL of the transplant faced the INL of the host. Ultrastructural evaluation showed phagosomes inside the RPE of the host derived from the outer segment debris of transplant photoreceptors and demonstrated interactions between the transplant outer segments and host RPE cells. The presence of photoreceptor terminals (ribbon synapses and triad arrangements) could be also observed. In several areas inside the transplant; bipolar cell processes were also identified due to their distinctive invaginations at the photoreceptor terminals. Multiple synaptic vesicles were observed associated with many bipolar cell processes. The above morphological features indicated that normal synapses had formed inside the transplant. Previous studies (Aramant and Seiler, 2002b; Ghosh, et al., 1999a; Seiler and Aramant, 1998) showed well-developed photoreceptor terminals with horizontal and bipolar cell process invaginations in the outer plexiform layer, bipolar cell processes with many synapses in the inner plexiform layer (IPL), and processes with a lamellar pattern derived from Müller cells of the transplant filling in the border between transplant and host. Some apparent Muller cell processes were observed at the transplant -host border (Fig. 6D) . Ghosh et al inferred that these Müller cells possibly guided the neuron sprouting in the border (Ghosh, et al., 1999b) . In this border area, synapses of host cells with possible transplanted cells could be observed at 3 months post-surgery (example in Figure 5D ).
Morphological evaluation of the transplant revealed that there were larger areas which developed into rosettes; i.e. photoreceptor outer segments in the center surrounded by ONL and other retinal layers. The formation of rosettes can have several causes. One major reason can be the presence of adherent junctions between the photoreceptors and the Muller cells at the outer limiting membrane, which is responsible for maintaining the intrinsic characteristics of the photoreceptor cells in a normal retina. The technical challenge of performing subretinal surgery in the small rat eye may contribute to rosette formation and disturbance of the underlying RPE, particularly if the instrument is placed at the wrong angle or pressure is exerted on the tissue during the time surgery Seiler and Aramant, 1998) . Rosette formation routinely occurs following the transplantation of retinal microaggregates (Aramant and Seiler, 1994; Ehinger, et al., 1991; Gouras, et al., 1994) .
So far, few studies have shown clear staining of the labeled retinal transplant cells and processes ultrastructurally. For example, retinal microaggregates of transgenic mice expressing the label lacZ in photoreceptors were transplanted to normal and rd mice (Gouras, et al., 1994; Gouras and Tanabe, 2003) . Many transplantation studies have used GFP labeled donor tissue (Arai, et al., 2004; Guo, et al., 2003; Lai, et al., 1999; Mizumoto, et al., 2003) . Our study used hPAP-transgenic rats (Mujtaba, et al., 2002) as the donor. This made it relatively easy to identify the interface between the host and transplant thus enabling evaluation of morphological integration.
In summary, sheets of E19 rat retina transplanted into the subretinal space of S334ter-line-3 rats survived without immune rejection and continued to show visual function when tested after 3 months. Ultrastructurally, well-developed photoreceptors and many normal synapse types were seen within the transplants. The border between the host and transplant could be clearly identified by hPAP immunohistochemistry, and a certain degree of integration between the host retina and the transplant was found suggesting that the transplanted photoreceptors may have contributed to the restored light sensitivity. 
